Abstract: Animal production systems are increasingly required to co-produce meat products and other ecosystem services. Sown biodiverse pastures (SBP) were developed in Portugal as an improvement over semi-natural pastures (SNP). SBP increase yields and animal intake during grazing, are substantial carbon sinks, and the abundance of legumes in the mixtures provides plants with a biological source of nitrogen. However, the data available and the data demands of most models make integrated modelling of these effects difficult. Here, we developed "BalSim", a mass balance approach for the estimation of carbon and nitrogen flows and the direct greenhouse gas (GHG) balance of the two production systems. Results show that, on average, the on-farm GHG balance is −2.6 and 0.8 t CO 2 e/ha.yr for SBP and SNP, respectively. Ignoring the effects of carbon sequestration, and taking into account only non-CO 2 emissions, the systems are responsible for 17.0 and 16.3 kg CO 2 e/kg live weight.yr. The annual analysis showed that non-CO 2 emissions were highest in a drought year due to decreased yield and stocking rate. We also showed through scenario analysis that matching the grazing level to the yield is crucial to minimize emissions and ensure reduced feed supplementation while maintaining high soil carbon stocks.
Introduction
The idea that current global production patterns of animal products, meat, in particular, are unsustainable gained popular support and media attention following the 2008 "Livestock's Long Shadow" report [1] . The report pinpointed livestock production as one of the main sources of greenhouse gases (GHG), responsible for 8-18% of global emissions [2] , mostly due to emissions from animals and manure, and the production of concentrate feed [3] . The global per capita consumption of meat grew from 38.9 kg to 42.2 kg between 2005 and 2011 and is expected to grow 1.3% per year until 2050 [4] , in spite of dietary changes in developed countries. Therefore, supply-side environmental optimization will be crucial in the near future. Dominant global animal production systems must change to cope with future demand sustainably, and there is room for improvement. Among other requirements, improvement should leverage the potential of animal systems to supply ecosystem services. Extensive grass or grass/legume-based systems use marginal land for grazing [5] , accelerate nutrient recycling [6] , and can sequester carbon (C) in soils [7] . For example, sown biodiverse permanent pastures rich in legumes (SBP) in Portugal are a win-win meat production system for the economy and the environment [8, 9] . SBP are self-reseeding grass-legume pastures with up to 20 native and high-yielding species/cultivars with an annual life cycle. They increase grassland productivity and sustainable stocking rates [7] . The abundance of legumes ensures a natural source of nitrogen (N) for pasture growth. The high yields and the annual cycle of the plants ensures a high input of C into the soil, and consequent C sequestration. A scheme for payments for C sequestration services in SBP was set up by Terraprima with the support of the Portuguese Carbon Fund (PCF) in 2009-2014. More than 1000 farmers were paid by for the C they sequestered. SBP now occupy more than 4% of the country's agricultural land [8, 10] . They can therefore be a prime example of how to improve the sustainability of meat production systems.
Accurate knowledge of how C and nitrogen (N) flow through these pasture ecosystems is essential to understand both the sources of GHG emissions (which influence emissions of the main GHGs-CO 2 , CH 4 and N 2 O) and minimize them, and to study how grazing can influence nutrient cycling in ecosystems [11, 12] . SBP have been the subject of experimental research mostly on their capacity to sequester C in soils [12, 13] . A full assessment of how C and N flows in and out of SBP parcels and of semi-natural pastures (SNP), the alternative systems that SBP commonly replace, has never been carried out. The entire GHG budget of these systems, apart from simple applications [12, 14] , remains unknown. This is critical because even if installing SBP in formerly less productive SNP sequesters C in soils, there could potentially be increased emissions that counteract that effect. Additionally, from the farmer's standpoint, the main variables of interest in the pasture production system, because they represent performance, are the stocking rate which can be sustained by the pasture at its current yield (potential number of animals that can sustainably be fed in a certain area) and now also C sequestration. Besides the agronomic benefits of C sequestration on fertility and water management, C became an additional potential service provided by farmers during the PCF project. Those farmers need tools to assess the interplay between agronomic and environmental performance.
The most promising ways to overcome these gaps in knowledge are to either measure all these flows or use models. Measuring is expensive and time-consuming, as it requires determining individual flows from all components of the pasture system, including animals. It may also be redundant, as there is plenty of published experimental research for related systems. Modelling is thus an option, but then the question becomes the desired level of detail. Process-based models would be very accurate but require even more site-specific data to estimate these flows [15] . Simple mass balance models such as the OECD soil surface nitrogen balance [16] would be more manageable but also too simple to provide actionable insights about pasture management and how it can influence emissions. The optimum procedure should not only be descriptive but also prescriptive-it should inform researchers and farmers about what to do to maximize production and environmental performance. It should also be specific for the system, but not so complex that it requires data even more difficult to obtain than measuring GHG and nutrient flows directly. To our knowledge, despite the high number of tools available to perform similar calculations, no available tool meets exactly those conditions.
In this paper we propose a mass balance approach based on the OECD model, but tailor-made for this application at the level of detail that fits the limited available data on SBP. The integrated model, "BalSim -Carbon and Nitrogen Mass Balance Simulator", includes two interconnected mass balance models, for C and N, applied for each balanced sub-system within the pasture system, which also enable the determination of the GHG balances. Our goals for this paper were to (a) develop BalSim as a working model of C and N flows in SBP and SNP ecosystems, (b) demonstrate the applicability of the model to calculate the GHG balance of each system, and (c) test the capacity of the model to provide meaningful insights for pasture management. The goal of BalSim is to rely on limited farm data so that, in the future, it can be used for research and by farmers to test the effects of management on the agronomic and environmental performance of these pasture systems. In the sections that follow, after establishing the models, we apply them for animal production in average SBP and SNP. Based on this analysis, we calculate the GHG balance of the two pasture systems. We also perform a dynamic analysis for four years of measured yield, stocking rate and soil C data. We test three scenarios that farmers may face when managing these pastures, to understand whether BalSim is capable of providing useful answers. Finally, we provide several suggestions for how the model can be improved in the future.
Materials and Methods

Study Sites
In this work we used data from the AGRO 87 project [17] to characterize the two systems under analysis: SBP and SNP. This project ran between 2001 and 2005 in six farms in Southern Portugal (Alentejo) where both pasture systems used in this work co-exist. The study farms had grazing suckle cows for meat production. Varying amounts of supplemental feed were provided to the animals, but the type (concentrate, roughage) and amount were not measured. The project used SNP parcels and divided them into two, where the SBP were installed in one half. Each system occupied a contiguous 14 ha plot. There were no significant differences between plots in terms of topography, soil characteristics or prior history of the parcels. In both systems, there was no nitrogen fertilization. A full biophysical and technical characterization of the two systems studied, SBP and SNP, was produced by Teixeira et al. [8] . The farms were: farm 1 (H. Cabeça Gorda-near Vaiamonte); farm 2 (H. Monte do Mestre-near Elvas), farm 3 (H. Claros Montes-near Pavia); farm 4 (H. Refróia-near Santiago do Cacém), farm 5 (H. Cinzeiro e Torre-near Coruche) and farm 6 (Quinta da França-near Covilhã). The location of these farms can be seen in Teixeira et al. [7] . These regions are classified as hot-summer Mediterranean climate region, according to the Köppen climate classification [18, 19] . The main climatic characteristics of farms were similar between 1981 and 2010, with monthly average temperature of 11-17 • C and yearly precipitation of 585-945 mm [19] . Despite the number of years past since the project ended, it remains the most comprehensive experimental assessment made of SBP and their comparison with SNP. The project measured (a) the yield, (b) actual stocking rates, (c) soil organic matter (SOM) and other soil parameters, and (d) the floristic composition of the pastures, namely the percentage of coverage with grasses and legumes. Unfortunately, these parameters were not consecutively measured for all years in all farms. Table 1 shows the averages for all years of the project for SNP and SBP of aboveground grass productivity, stocking rate, grazing time, SOM concentration and air temperature [8] . These were the only measured variables used in the present paper. Data per farm and year are presented in online Supporting Supplementary Materials file S1. The methods used for data collection are presented in the project report [17] and summarized in the previous literature that used data from the same project [7, 8, 14, 20, 21] . For stocking rate, we considered that each livestock unit (LU) can be partitioned between one adult cow (1 LU/head) and a corresponding less than one-year old weaner calf (0.4 LU/head). The calf can be either female or male. Young heifer calves are used as replacement cows, while steer calves are used for meat. The adult animal should be included as it was required to give birth and partially feed the calf until weaning and was also present on the same plots grazed by the calf after weaning. 
Available Data on the Two Pasture Systems
C and N Mass-balance Model Development
The model BalSim comprises three sub-systems: plant, livestock and soil. Each sub-system includes several pools, which are defined as elements where the C and N balance of inflows, outflows and accumulation must be equal to zero. Mass transfers between pools are translated by flows, which are then described in terms of their C and N contents. Each flow and variation of stock (for accumulations) is presented in Table 2 . Flows and stock variations are designated in this paper as variables. The model explicitly includes all GHG emissions as outflows. The balance equations for each pool are described in Table 3 . Table 2 . Description of all variables used in this paper to depict flows. All variables are measured in kg (of carbon or nitrogen) per hectare and year.
Designation in This Paper Description
C Photossynthesis
Carbon taken up by photosynthesis C root_decomposition Carbon in roots decomposing in soil C litter_production Carbon in the produced litter C litter_decomposition Carbon in litter decomposing in soil C litter_CO 2 Carbon emitted as CO 2 from litter deposition C plant_ingestion Carbon ingested by animals by eating plants C feed Carbon uptake by animals through supplemental feed C animal_CO 2 Carbon emitted as CO 2 from animal respiration C animal_CH 4 Carbon emitted as CO 2 from animal enteric fermentation C animal_excretion Carbon excreted by animals as urine and dung C dun_CO 2 Carbon emitted as CO 2 through aerobic mineralization of urine and dung from animal excretion C dun_CH 4 Carbon emitted as CH 4 Nitrogen uptake by animals through supplemental feed N animal_excretion Nitrogen excreted by animals through urine and dung N dun_ field_ decomposition_organic Nitrogen from dung deposited in the field that decomposes into the soil organic pool N dun_ field_ decomposition_inorganic Nitrogen from urine and dung deposited in the field that decomposes into the soil inorganic pool Table 3 . Carbon (C) and nitrogen (N) sub-system balance equations for BalSim. The variables indicated in black were estimated using a combination of measured data and parameters collected from the literature, and variables in blue are unknown in each equation. The variables are explained in Table 2 . 
Sub-System
We applied the BalSim to the pastures sites and systems described in Section 2.1 by using the measured data in Table 1 in combination with additional parameters collected from the literature. Figure 1 visually depicts the flows and pools included for this system. The systems under analysis in this work do not consider mass flows for manure (i.e., organic C and N exported from the field due to time spent by the animals in household or yards. Consequently, we did not consider manure storage either because animals graze 100% of the time. The physical boundaries of the analysis were therefore set at the pasture plot, where the animals graze. Also, no C or N enters the system through fertilization because these pastures do not require organic fertilizers or inorganic N fertilizers. The temporal boundary selected was one year.
To quantify each variable of the model, we used a combination of the measured data and additional parameters, which were collected as much as possible from the specialized literature on SBP or similar systems. A description of the quantification procedure for each variable in each sub-system is provided in the next section. First, the model was applied using the average of all years and farms in Table 1 (as described in Sections 2.3.1-2.3.3, with additional analyses described in Sections 2.4-2.6), and then annually (described in Section 2.7). Table 4 presents the parameters that were collected from the literature and are involved in the calculation of all flows, in combination with the four measured parameters indicated in Table 1 . Table 2 .
To quantify each variable of the model, we used a combination of the measured data and additional parameters, which were collected as much as possible from the specialized literature on SBP or similar systems. A description of the quantification procedure for each variable in each subsystem is provided in the next section. First, the model was applied using the average of all years and farms in Table 1 (as described in sections 2.3.1-2.3.3, with additional analyses described in sections Table 2 . 2.3.1. The Plant Sub-system Pasture plants take up C via photosynthesis (C Photosynthesis from Table 2 ) and N through nutrient uptake from the roots (N uptake ). The accumulation of both elements in the above and belowground of the plant was considered null, because of the annual cycles of the plants in these pastures (particularly SBP). During each year, aboveground plants are either eaten by livestock (C : N plant_ingestion ) or become litter (where in this paper "litter" is a simple designation for plant materials unused for animal feed, e.g., due to leaf senescence). The part that becomes litter can enter the soil (C : N litter_decomposition ), together with roots (C : N root_decomposition ), or be lost due to emissions (N litter_N 2 O /C litter_CO 2 ). In situ dry matter (aboveground) productivity (P above ) was the only measured input data available that is usable in this sub-system ( Table 1 ). Note that, in our application, the variable C Photosynthesis is the net uptake of C from photosynthesis by the plant, i.e., it considers the reemission of C due to plant respiration. We did not consider any accumulation of plant biomass between two years. SBP plants have a truly annual cycle, as they germinate in the autumn and die out through the summer, self-reseeding from the seed bank established during spring. Furthermore, it is good management to ensure that during the summer the pasture is fully grazed to allow for spontaneous germination of the sown species, particularly legumes, during autumn. Farmers received technical advice and were likely to have followed this practice. For SNP we had no data to estimate inter-annual accumulation of plant biomass, and assumed it as a simplification to be zero.
We started by converting P above (indicated in Table 1 ) into aboveground C and N using the C and N content of grasses and legumes. The unit contents used were 0.45 kg C/g DM and 0.02 kg N/kg DM, respectively, for SBP, and 0.35 kg C/g DM and 0.01 kg N/kg DM for SNP, and calculated as follows. The C content for SBP used was the average for grass and legume species (assuming 50%/50% DM production of grasses/legumes), which typically ranges between 0.35 and 0.50 kg C/g DM [22] . The N content for SBP was obtained as the average content of grasses and legumes [32] (which is 0.00868 and 0.0283 kg N/kg DM, respectively). The N content of SNP, where legumes are almost non-existent, was an approximation of the N content of grasses, while the C content was the minimum C content in grasses. Implicitly, these numbers assume that the aboveground plant C:N ratio is approximately 24 for SBP plants and 40 for SNP plants.
The average fraction of the yield that becomes litter (P litter ) in SBP for the stocking rates used (Table 1) was 0.39. This number was estimated during the calibration of the Rothamstead Carbon model (RothC) [33] for the same farms and years used in this paper (Table 1 ) [21] . For SNP there was no data available, so we assumed as a simplification that the fraction of litter was equal to P litter for SBP multiplied by the ratio of yields between the two pasture systems, i.e., approximately 0.62. We assumed equal chemical composition of plants (aboveground) and the litter. Therefore, C and N contents for litter were obtained by multiplying the amount of litter and the C and N contents mentioned above. The fraction of the yield that is not litter is the fraction eaten by the animals, which can be calculated using
(
The accumulation of the litter pool is also considered null, since it is assumed that after one year all litter has been incorporated into the soil matrix (fraction represented by C litter_decomposition and N litter_decomposition ) or converted into atmospheric emissions. Some C and N are lost through atmospheric emission of CO 2 and N 2 O, which occur due to the organic decomposition and nitrification processes on litter material. N 2 O emissions from litter (N litter_N 2 O ) were calculated using an emission factor of 0.0049 kg N-N 2 O/kg N litter [23] that takes into account the N content of the litter fraction as
We assumed that the decomposition of litter only produces N emissions as N 2 O (in accordance with EMEP/EEA [23] ). CO 2 emissions from litter (C litter_CO2 ), due to the absence of a source for their determination, were calculated as a stoichiometric balance starting from N 2 O emissions assuming that the C:N ratio of the litter does not change after N 2 O emissions (i.e., multiplying N litter_N 2 O by EF litter_CO 2 ).
Then, we converted P above into belowground production using literature values for r root:shoot and C and N contents of roots. The r root:shoot was obtained from the same source as P litter [21] . C and N contents of roots were, respectively for SBP and SNP, 0.45 and 0.35 kg C/g DM, and 0.03 and 0.01 kg N/kg DM [32] . In SBP, the C and N contents were calculated as an average of likely root C and N contents for grasses and legumes (0.37-0.52 kg C/g DM; 0.01-0.05 kg N/kg DM) [34] . For SNP, the contents were estimated by assuming that they should be equal to the content for SBP multiplied by the ratio between below and aboveground contents in SBP. Implicitly, we thus assumed that the C:N of roots is 15 and 25 in SBP and SNP respectively.
The Livestock Sub-system
The livestock sub-system involves two balances -the balance to the animal, and the balance to the excreta (dung and urine). The total number of animals in the pasture varies according to the stocking rate of each farm, which was measured and is indicated in Table 1 (P stock ). The inputs of the animal balance are the intake from the pasture (C : N plant_ingestion ) and from the supplemental feed (C : N feed ). In SNP, the animals require feed due to the limited grass yield. In SBP, animals require supplemental feed during particular months of the year when pasture yield is limited by temperature (e.g., winter) or water availability (e.g., during the summer). Feed supplementation in SBP is also necessary due to the fact that grazing should be maximized before Fall to decrease ecological competition against the more interesting sown species (particularly legumes), avoiding the establishment of less nutritive or even woody plants and making way for the seeds of the originally sown plants to germinate. There is accumulation of C and N in the tissue of the body of the animals (
, who excrete C and N (C : N animal_excretion ). The animals also breath out CO 2 (C animal_CO 2 ) and emit CH 4 from enteric fermentation (C animal_CH 4 ). Regarding the inputs, C/N plant_ingestion was obtained from Equation (1). The amount of N in the feed (N feed ) was calculated using the animal N balance. After determining this parameter, we converted it into C feed using a C:N ratio of the feed of 19.53 [22] , and assumed the same type of feed was provided to animals in both systems, according to
The carbon and nitrogen accumulation in the animal body was calculated through estimates of animal growth (289.9 kg live weight/LU calf.yr [24] ) and the C and N contents of live tissues (0.487 kg C/kg live weight and 0.114 kg N/kg live weight [25] ). We assumed the same type of animal and growth in both pasture systems. It was also necessary to take into account the water content in the bodies, estimated as 65% [35] , and the difference between adult cows and calves because only calves accumulate body weight, as adult cows are already at maturity. This is expressed as
where the stocking rate for calves (P stock_calf ) in LU took into account the contribution of cows (β cow = 1) and calves (β calf = 0.4) [17] for the total stocking rate in each pasture system (5), meaning
The output concerning the amount of N excreted by the animal (N animal_excretion ) has been established in literature and was therefore used in this study. Total excretion of N is a weighted average of excretion factors (105 and 44 kg N/ha.yr for cows and calves, respectively [23] ) for P stock_calf and the stocking rate of adult cows (P stock_cow ), which means that N animal_excretion = P N_excr_cow × P stock_cow + P N_excr_calf × P stock_calf (6) Carbon excretion (C animal_excretion ) was then obtained assuming a C:N ratio of the excreta (dung + urine) of 19.1 [26] .
In the livestock sub-balance, the atmospheric emissions are significantly different because the cows release some C in the form of CO 2 and CH 4 from respiration and enteric fermentation respectively, while in the N balance there are no atmospheric emissions released by the animal. CH 4 emissions from enteric fermentation are calculated using emission factors for cows and calves while the CO 2 resulting from animal respiration remains as the only unknown of the C balance for animals, as expressed by C animal_CH4 = P stock_cow × EF CH 4 _cow + 2 × P stock_calf × EF CH 4 _calf and (7)
The emission factors for CH 4 used were 81.3 kg CH 4 /head.yr (the average of the interval 75.9-86.7 kg CH 4 /head.yr) for cows, and twice of 19.6 kg CH 4 /head.yr (the average of 18.3-20.9 kg CH 4 /head.yr) for calves [27] because the original emission factors consider that calves only spend 6 months in the pasture-in our case, they spend double that time.
For excreta a simple balance can be established. Out of the amount excreted by animals (C : N animal_excretion ), a fraction ends up on the field (C : N dun_field_decomposition ), and the rest is emitted to the atmosphere -in the case of C, in the form of CO 2 (C dun_CO 2 ) and CH 4 (C dun_CH 4 ); for N, in the form of N 2 O (N dun_N 2 O ) and NH 3 (N dun_NH 3 ). We assumed no accumulation of the dung and urine excreted in the field, since everything that is not emitted enters the soil pool.
The amounts of C and N excreted are a result of the animal sub-balance. The emissions of N 2 O were calculated using the emission factor 0.02 kg N-N 2 O/kg N during grazing [27] . The emissions for NH 3 from dung and urine are calculated using emission factors for cows and calves (0.1 and 0.06 kg N-NH 3 /kg N dung, respectively [23] ). The only unknown in the N balance for dung is therefore nitrogen flow of urine and dung going through decomposition in the soil, and entering both the organic and inorganic N soil pools, calculated as
In the carbon cycle, CH 4 emissions from dung and urine were calculated using an emission factor of 13 kg CH 4 /LU.yr [28] , duly converted into emissions per hectare using the stocking rate. In the case of C, we assumed that all material excreted by the animal is organic. Finally, CO 2 emissions are calculated using the mass balance equations, since it remains as the only unknown, as
The Soil Sub-system
There are three pools and respective balance equations in the soil -the C organic pool, and the N organic and inorganic pool. We excluded a C inorganic pool due to its limited interaction with the organic pool that generates the most important GHG flows.
Regarding the C and N organic balances, their inputs come from the plant sub-system, namely root (C : N root_decomposition ) and litter (C : N llitter_decomposition ) decomposition, and from the animal balance, namely the input from dung and urine (C dun_ field_ decomposition and N dun_ field_ decomposition_organic ). There is accumulation of C and N as soil organic carbon (SOC) and nitrogen within soil organic matter (SOM). The accumulation of organic C was calculated using the measured SOM concentrations (Table 1) and the soil bulk density (1.34 g/cm 3 [29] ), considering the first 10cm of soil (s depth ), and that 58% of SOM is SOC, or
The conversion of the accumulation of C into accumulation of N was estimated using 19.695 for SBP and 31.955 for SNP as the C:N of soils. The selection of the C:N of soils was made through calibration in order to obtain the correct partition between organic and inorganic N from the balance. The only unknown in the soil organic N pool is N dun_ field_ decomposition_organic , which was calculated as
The total N dun_ field_ decomposition was already pre-determined from the animal balance. Therefore, the parameter N dun_ field_ decomposition_inorganic is simply the difference between the last two. However, there is a restriction on this parameter, because approximately 60% of N excreted to soils is mainly urine and should be inorganic [23] . The only parameter that can be adapted in the organic N soil balance is accumulation through the C:N ratio, and as such this parameter was adjusted until the proportion between inorganic and organic N from excreta was equal to 0.6/0.4.
The two main outputs for the organic pool are erosion (C : N erosion ) and mineralization (C : N mineralization ). The amount of C and N lost by erosion was calculated using estimates of soil loss per hectare (estimated as 1.03 t soil/ha in the region of the farms [30] ) and respective amounts of C and N in soils. Mineralization of SOM leads to CO 2 emissions that were calculated using the carbon mass balance equation
Mineralization of SOM also produces NH 4 + that enters the soil inorganic N pool. This was calculated using the amount of C lost during bacterial decomposition and the C:N of soils, thus implying an assumption that there is no change in the chemical composition of SOC throughout the year. For the soil inorganic N pool the inputs are N inbound from the organic pool due to mineralization (N mineralization ), manure decomposition (N dun_ field_ decomposition_inorganic ) and also N from atmospheric deposition (N atmospheric_deposition ) and N captured in root nodules by rhizobia following seed inoculation and/or free-living N fixing microorganisms (N fixation ). Atmospheric deposition was quantified using a factor of 1.06 kg N/ha [14] . N fixation was estimated using the amount of N fixed of 0.026 kg N fixed/kg DM [27] . This should provide a fixation of approximately 180 kg N/ha [17] .
The outputs of the inorganic N pool are the amounts of N taken up by plants determined in the plant balance (N uptake ), and also atmospheric emissions of N 2 O from soils (N soil_N 2 O ) and due to the biological fixation of N (N legume_N2O ). The emission of N 2 O resulting from nitrification processes occurring in the soil is calculated using the air temperature (T air ), which is available for the farms (Table 1) and empirical parameters adapted to grassland land use types [36] according to
where A N 2 O is a factor dependent on land use cover, which in this case is 0.9 ngN/m 2 .s [36] . If legumes are also present, as is the case of SBP, we used also the N 2 O emission factor 0.0125 kg N-N 2 O/kg N fixed [31] . The remaining unknown is residual inorganic N that could be (a) inorganic N accumulating in soil, or (b) inorganic N loss through leaching (to groundwater or deeper soil depths). To avoid overcomplicating the model, we designated this residual inorganic N of the balance equation as 
Verification of Average Results
As the variables indicated here were not measured for these systems, farms and years, we were unable to validate results using plot-level data. Therefore, we performed indirect verification using three main parameters: (a) the amount of feed supplementation provided by the model; (b) the closure (i.e., net loss/gain) of the organic C soil model, and (c) the closure of the inorganic N model.
Regarding the level of feed supplementation estimated by the model, it should correspond to approximately 0.5-1.5% of the live weight of the animals per day in SNP [14, 37] . These percentages correspond to 381-1142 kg feed DM/ha, considering the stocking rate of SNP.
The organic C soil balance is closed by calculation of C mineralization . An independent estimation of this parameter states that it should be approximately 13% of the average SOM, duly converted to C [21] .
For the inorganic N soil balance, it would be expected that the residue term was zero. There is some evidence of limited to no loss of NH 4 in SBP [38] . There may be, however, a small accumulation of NO 3 of up to 30 kg N/ha [38] . SNP plant growth is limited by N availability, and consequently little to no loss or accumulation of inorganic N is expected.
Greenhouse Gases Balance Calculation
The GHG balance (t CO 2 e/ha.yr) was calculated for the average of all years and farms in Table 1 by all the inbound and outbound flows of C and N gases linked to greenhouse effects, considering the entire plant + animal + soil sub-systems. The inflow of CO 2 occurs through photosynthesis and the outflows include CO 2 emission from litter and mineralization together with animal respiration. The outflow of CH 4 gas includes animal enteric fermentation and emissions from dung and urine excreted by animals in the field. Finally, N 2 O gas outflow from the system includes emissions from litter, dung and urine decomposition, and soil emission through nitrification processes and also includes the biological fixation of N, in SBP. The balance is, therefore, calculated as:
where the C and N fluxes were converted into emissions using the respective molecular/atomic weights and converted into CO 2 e using the IPCC global warming potentials (GWP) including climate feedbacks [39] (GWP CO 2 = 1, GWP CH 4 = 34, GWP N 2 O = 298).
Equation (16) was simplified by including only non-CO 2 GHGs as
This assessment excludes the contribution of CO 2 emitted that had been previously captured by the plants during photosynthesis (17) . It also assesses emissions without the offset from C sequestration in SBP, which is known to be large [7] and can therefore dominate the calculation in Equation (16) . The emissions calculated in Equation (17) were then converted from kg CO 2 e/ha into kg CO 2 e/kg of live weight of the animal, using the weight of the calf at the end of the year of analysis. In this analysis we assumed that the calf was a steer.
Scenarios
BalSim should be useful for farmers to test the results of management on the agronomic and environmental performance of the pasture systems. To test the capacity of the model to address real agronomic questions in relation to their outcomes, three scenarios were tested using the model developed here. Each scenario corresponded to a question, namely: S1-In a good year, where yield doubles and farmers also double the stocking rate, if there is no extra feed supplementation, what would be the increase in SOM?
In this scenario we doubled the average productivity and stocking rate (from Table 1 ) while the other parameters remained constant except for the average SOM concentration. We assumed that, for soils to sustain such high yields, they would have to be extremely productive and rich in SOM, and as such used the highest observed SOM concentrations over all of the years in which it was measured in SBP and SNP of 5.6% and 4.7%, respectively [17] . We then changed the annual SOM increment until the soil organic C model was balanced.
S2-If we aim to double the annual SOM increase, what is the necessary yield and stocking rate?
In this scenario we doubled SOM increases (from Table 1 ) while the other parameters remained constant. We then changed yield and stocking rate until the model was balanced.
S3-In a poor agronomic year where yield is only half, if farmers want to maintain SOM increases and maintain their average feed supplementation, what is the maximum sustainable stocking rate?
This scenario assumed that the average yield (from Table 1 ) was halved while the other parameters are the same, including the SOM increase and feed supplementation. The stocking rate was then adjusted until the model was balanced.
Annual Application of the Model
The model and all calculations, including the GHG balance, were also performed on an annual basis using data for 2001-2005 for SBP (using annual data in online supporting materials file S1). The annual analysis did not include SNP due to lack of annual data for most farms. For this application, we used the annual yield, stocking rate, SOM and SOM increase of SBP, plus the average annual air temperature, for each year.
For each year, all parameters in Table 4 were kept constant except three: (a) the P litter , (b) the r root:shoot , and (c) the C:N of the soil (in order to maintain the relationship between organic and inorganic input to soil from dung and urine). We adjusted these three parameters until the soil organic C balance was equal to the expected C mineralization [21] (explained in Section 2.4) and recorded the final values. The annual GHG balance was also calculated.
Results and Discussion
Average SNP and SBP Systems
Results in this section were obtained using the averages for all farms and years presented in Table 1 .
Evaluation of the Parameters Used
The C content in the aboveground biomass usually ranges between 0.30 and 0.50, and the N content in the aboveground biomass between 0.02 and 0.15, according to pasture chemical analysis [22] depending on the type and species in the pasture. The parameters we chose are within this range. Regarding the parameter r root:shoot , literature values for pastures can range between 0.5 and 9. For grasslands in the region of Alentejo, which are classified according to the Moderate Resolution Imaging Spectroradiometer (MODIS) [40] as "temperate arid shrubland", the r root:shoot is 1.063 [28, 41] . We used 0.98, which besides being consistent with this estimate was obtained from an optimization process using the same input data used in this paper. Finally, C : N feed is highly dependent on the feed ingredients and whether the supplemental feed is concentrate or roughage. The most common value is about 20, but for the most common concentrate ingredients the C:N ranges between 15 and 30 (e.g., 15 for olive husk and 29 for maize grain). According to Matschullat et al. [42] , the C : N feed in agricultural and grazing areas in the Alentejo region is higher than 18. All parameters used in this paper are within these ranges. Figure 2 shows that the amount of C and N from the pasture biomass ingested by the animals was, for C, more than triple in SBP compared to SNP (1680 and 456 kgC/ha.yr) and, for N, more than 6 times higher in SBP (69 and 11 kg N/ha.yr). The combined flows of the plant and litter pools were also higher in SBP when compared to SNP. Root decomposition is the main outflow from the plant sub-system-2669 (SBP) and 2543 kgC/ha.yr (SNP) and 180 (SBP) and 51 (SNP) kg N/ha.yr respectively. Litter decomposition was particularly high for SNP in C with a contribution of 829 kgC/ha.yr, while nitrogen was less than half of what was decomposed in the SBP. N 2 O (in kg N/ha.yr) emissions represented around 0.2% of the respective N inflow for the plant balance in both pasture systems, thus playing a small part in the mass balance calculation.
Carbon and Nitrogen Flows
Inputs into the animal pool include not only the pasture ingested during grazing, but also the supplemental feed intake, which is higher in the SNP than in the SBP, both in carbon (302 and 471 kg C/ha.yr) and nitrogen (15 and 24 kg N/ha.yr), despite the fact that stocking rates are much lower in SNP. The biggest contributor in terms of mass outflow is the animal excretion through urine and dung, which represents 70-78% of the intake in carbon in SBP and SNP and 96% of the intake in nitrogen. CO 2 emissions through respiration are 18% and 27% of the intake in SBP and SNP, while enteric fermentation contributes 2% (in C) in both pasture systems. The accumulation in the animal body was 13 and 6 kg C/ha and 3 and 1 kg N/ha in SBP and SNP respectively.
Emissions of CO 2 resulting from the dung and urine excreted represented 11% and 5% of the excreted material in the field in SNP and SBP respectively, and CH 4 was 1% for both pasture systems. N 2 O emissions were also higher in SBP (11%) compared to SNP (6%). However, the main flow was urine and dung that enters the soil organic and inorganic pool, both in C and N.
The soil organic C pool accumulated a total of 2,339 and 777 kg C/ha in SBP and SNP respectively. The main inflow in both systems was C from root decomposition (52% and 46% of the total inflow in SBP and SNP). The same occurred in the organic N pool, with an accumulation of 115 and 24 kg N/ha in SBP and SNP respectively and the root decomposition contribution as high as 71% and 60% in the same systems. The main outflows were the mineralization of SOM in both pasture systems for C (originating CO 2 emissions, 2774 and 1910 kg C/ha.yr) and N, and NH 4 + that is ready for plant uptake or nitrification (137 and 60 kg N/ha.yr).
In the inorganic N pool there is a major difference between the two systems. SBP gain from a high contribution from legume fixation (159 kg N/ha.yr) and 341 kg N/ha.yr from SOM mineralization, besides the inorganic part of dung and urine that enters the soil. SNP systems only have 80 kg N/ha.yr at their disposal. The outflows of this pool are again for both systems totally dominated by the plant uptake, since N 2 O emissions from the soil and the legume plants, if existing, represent only 1-2 kg kg N/ha.yr.
It is also visible in Figure 2 that the largest C and N flows are related with the plant (C input from photosynthesis, N intake from soil, root decomposition into the soil, etc.) or with the soil organic sub-system (accumulation and mineralization). Measured field data was used to estimate all these flows. Flows that were estimated from secondary sources without influence from the data in Table 1 are relatively small in terms of C and N -although they can be relevant for the results of the GHG balance explained next. 
Greenhouse Gases Balance
The results for the GHG balance in Figure 3 , show that while the SNP system is a net emitter, with 792 kg CO 2 e/ha, the SBP system captured 2644 kg CO 2 e/ha. The major contributions for the emissions in both systems are soil mineralization (59% and 69% of the total emissions respectively) and both animal respiration and enteric fermentation representing up to 7-12% in SBP and 9% in SNP. The rest of the emissions individually account for less than 7% of total emissions.
The different result achieved in the two systems is a direct consequence of more than the double SOC accumulation in SBP (8578 kg CO 2 e/ha.yr) compared to SNP (2850 kg CO 2 e/ha.yr), while SOM mineralization emissions from SBP represented only 1.5 times the emissions of SNP.
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Considering only non-CO 2 emissions, we obtained results shown in Table 3 . The most relevant flow is CH 4 emissions from enteric fermentation in Table 5 , which alone accounts for 43% of all emissions in SBP and 45% in SNP. Emissions per hectare are higher in SBP due to the fact that the stocking rate is more than double than in SNP. However, emissions per LU and live weight of the animal are almost equal (e.g., 17.0 vs. 16.3 kg CO 2 e/kg LW). 
Verification of Average Results
The amount of N ingested by the animals according to the N balance is equal for both systems at 0.249 kg N intake/LU.day. This was due to the fact that we assumed that the animals grew by the same amount in both systems. N is connected with important diet parameters such as protein, and as such it should be the same for all systems. Regarding consumption from feed alone, results of the application of the balance revealed that the difference in the feed required in both systems, when converted to DM, is approximately 1962 kg DM/LU.yr. When applied to the SR for SNP, this would result in an extra feed consumption of 769 kg DM/yr, which is equivalent to a 1% supplemental feed intake per day, and therefore within the plausible range for these pastures.
Regarding the closure of the organic C soil balance, if the 13% mineralization rate had been used it would imply that C mineralization was 2196 and 1788 kg C/ha.yr for SBP and SNP, rather than the 2774 and 1910 kgC/ha.yr obtained from the balance. This represents a deviation that is 11% and 4% of the total C flowing into this pool, respectively, which was probably due to the errors involved not only in the determination of the other variables (parameters used, etc.) but also in the independent estimation of the mineralization rate itself.
As for the inorganic N soil pool, the balance of in and outflows results in a net accumulation plus leaching of inorganic N of 44 kg N/ha.yr for SBP (while the maximum potential was 30 kg N/ha.yr [38] ) and a negative flow of-4 kg N/ha.yr for the SNP (while the expectation was zero). This represents deviations that are 4% and 5% of the total N that flows into this pool, which can also be explained by the error associated with the estimation of the flows.
Regarding the results for the GHG balance, Eldesouky et al. [43] studied a similar cattle production system in the Spanish dehesa. In that paper, the P stock (0.36 LU/ha) is similar to the P stock in SNP in this paper (0.39 LU/ha). Eldesouky et al. [43] obtained on-farm emissions of 16.06 kg CO 2 e/ha (converting from IPCC AR4 [44] to IPCC AR5 [45] with carbon feedback) for an extensive beef/calf cattle farm production system (with calves sold at weaning), which is almost the same obtained here for the non-CO 2 emissions in SNP.
This procedure provides indication that our estimates of those individual flows are aligned with prior results of other studies. We were unable to find additional studies to verify the rest of the flows. However, BalSim imposes that all sub-systems must be balanced, meaning that variables move in tandem in response to changes in parameters. This makes it likely that mistakes in other variables would have affected the variables verified here.
Carbon and Nitrogen Flows in Different Scenarios
The changes made and results obtained from the scenarios modelled are shown in Table 6 . Regarding question S1, annual SOM increments in SBP increased, compared to the average case presented in 3.1, to 0.55 percentage points per year by doubling yield and stocking rate with no more feed supplementation. In SNP SOM increments decreased (in comparison to results in Section 3.1 with average yield and stocking rate) to 0.075 percentage points per year. Because of the extra C sequestration in SBP, the GHG balance became more negative. Nevertheless, the non-CO 2 emissions increased to 9685 and 3545 kg CO2e/ha.yr in SBP and SNP, respectively. As the stocking rate is higher, the output in terms of meat produced is also higher and therefore, these emissions, when converted into the amount emitted per kg LW, actually decrease (16.1 and 14.0 kg CO2e/kg LW). The effects of a good agronomic year would therefore be the overall reduction of emissions, regardless of whether or not C sequestration was taken into account. Table 6 . Results for the application of the model for the three scenarios. DM-Dry matter; GHG-Greenhouse gases; LU-Livestock unit; LW-Live weight; P above -Aboveground productivity; P litter -Litter fraction; P stock -Stoking rate; SOM-Soil Organic Matter.
Scenario S1
Scenario S2 Scenario S3 As for the second question, there are multiple combinations of yield and stocking rate that produce the doubling of average annual SOM increases. One example would be to change yield to 7760 and 3690 kg DM/ha.yr in SBP and SNP respectively, and stocking rates to 1.5 and 0.68 LU/ha.yr. In this case the GHG balance for SBP would become even more negative than in S1, and non-CO 2 emissions would decrease for SBP (15.5 kg CO2e/kg LW) and remain the same as in S1 for SNP. However, as the fraction of litter would have to remain high in order to provide high C inputs to soil, this could only be achieved through increased feed supplementation. Ultimately this highlights the trade-off between using plant C (and N) for animal intake or for C input to soils. If the stocking rate is sufficiently large, C input to soil may be insufficient; for C inputs to remain high and enable large SOM increases, either yields also rise or feed supplementation is required.
Finally, the last question S3 was about the consequences of halving the yield and sustaining SOM increases. In this case, we had to make the litter fraction equal to zero to ensure that there was no significant increase of feed supplementation. This seriously compromised the amount of C entering the soil. Consequently, at best the stocking rate could be 0.79 for SBP and 0.39 for SNP. However, the organic C balance does not fully close under these conditions, as it would require a level of SOM mineralization that is 10 times lower than expected. It is therefore very unlikely that half the yield would enable similar SOM increments in any plausible scenario.
Annual Variation in Different Farms
As shown in Table 7 , in 2001-2002 the productivity of the SBP farms was lower compared to the next year, which had an influence on the C and N intake. However, the year 2002-2003 also had higher stocking rate and therefore there was an approximated adjustment of stocking rates to the yield that meant that, despite large variation in the fraction of litter, the feed supplementation was, on average, relatively stable. Also, the higher stocking rates observed in these intermediate years also translated into higher CO 2 and CH 4 emissions from respiration and enteric fermentation. In the last two years (2003-2004 and 2004-2005) there were higher CO 2 emissions from soil mineralization as a consequence of a high difference between the input of organic carbon in soil-translated by the root, litter and dung and urine contributions and the accumulation of organic carbon in soil. The last year was a drought year, and consequently the stocking rates decreased particularly in SNP -but non-CO 2 emissions per LU nevertheless increased. In the first and last years there was also accumulation of inorganic nitrogen, while in the middle years, inorganic nitrogen accumulation was slightly negative, suggesting that during this period, all nitrogen was used efficiently in the pasture system. In the first year, which was the year when the pasture was sown, plants seemed to have grown more above than belowground, as shown by the low r root:shoot in Table 6 .
Limitations and Further Developments of the Model
BalSim was developed specifically to deal with situations of limited data availability. SBP have been and continue to be the subject of multiple research studies, but it is difficult to simultaneously collect all data required to use full process-based models for C and N in all sub-systems considered here. The modelling approach in this paper enabled us to use a limited amount of field data complemented by literature data. We only had four variables/flows measured, and the rest had to be inferred. Through the restrictions imposed by the mass balance formulation, we obtained valid results that we also showed to be useful for joint agronomic and environmental management of the pastures. The limited amount of field data used was therefore not a weakness of the study, but rather the main reason why we developed BalSim.
Nevertheless, future applications would benefit from a more comprehensive set of field measurements, particularly when they are critical in calculations. The model requires a limited number of parameters, but some of them (such as P above ) are time-consuming, labor intensive and expensive to measure on the field (field travels, pasture cutting and laboratorial analysis) [46] [47] [48] . Alternative methods to obtain such data have been proposed elsewhere, e.g., using remote sensing imaging for pasture productivity [49, 50] , and also to obtain indirect measures of SOM concentrations and increments [51, 52] . Indirect methods have their own limitations and challenges. One of the most relevant problems for application in SBP an SNP area is tree cover. SBP and SNP in "Montado" regions are agri-forestry systems characterized by relatively high tree cover, which makes data collection more difficult, as trees also influence productivities and SOM content and increments [53, 54] . Our work also showed that knowing the C and N contents of plant tissue and the C:N ratios of soils are critical, as they are determinant for most sub-systems and influence directly the estimation of the larger flows. We used averages and/or ad-hoc adjustments here, but in future applications, if any data additionally to Table 1 can be collected, these are the parameters that should be given priority.
As the goal of the present paper was to present the model and demonstrate its application potential, and in order to make the model manageable in terms of data requirements, we needed several simplifications that should be reassessed in future. For example, BalSim as applied here has no process basis for the relationships between variables. It is a simple mass balance model that ensures C and N are fully distributed among the most important sub-systems, but it does not provide a mechanistic relationship between the variables. This was a deliberate choice made to test the simplest possible approach to modelling these pasture systems and ensure that BalSim requires the minimum possible information to produce meaningful results. As a future development, the correlation between variables should be explicitly modelled, without disregarding the fact that BalSim should strive to keep field data requirements to a bare minimum.
The issue of independence of data sources used for the parameters introduces particularly high uncertainty in the estimation of atmospheric emissions. This calculation relies mostly on independent emissions factors that are unaffected by the measured data. For example, we used IPCC [28] Tier 1 emission factors to calculate N 2 O emissions from urine and faces during grazing. Several Tier 3 models have been proposed, as for example for New Zealand [55] [56] [57] . These particular models calibrated at the national level were not suited for this study, as they were developed for sites and animal breeds significantly different from the ones in this paper. Direct applications of Tier 3 models without any recalibration could provide substantially worse estimates of emissions that are even more uncertain than the simple use of emission factors. Calibrations of Tier 3 models for Portugal will be welcome future additions. Emissions from animal excreta can then be modelled as a function of the nitrogen content of the feed and the climate region.
We also used a default value from IPCC (1996) [31] to estimate the N 2 O emissions from legumes. However, the more recent IPCC (2006) report [28] does not consider this emission due to the lack of evidence that legumes contribute significantly to increasing soil N 2 O emissions [58] . Here too, future versions of BalSim should consider whether N 2 O emissions increase due to legumes in SBP in Portugal. One potential approach is to model emissions depending on the site conditions (e.g., soil characteristics and precipitation).
Because of our modelling approach, particularly the assumption that parameters are constant, we believe that within a 1-axis simple-complex spectrum of models, this first version of BalSim would be closer to the simpler models. However, in the foreseeable future BalSim can easily move closer to the middle, namely by modelling the most important flows, rather than assuming them constant, and introducing co-dependencies between parameters. This can be achieved by coupling specific models for particular parameters to BalSim, namely simpler process-based models. For example, the RothC [33, 59] model could potentially be coupled to estimate soil organic carbon changes and soil mineralization depending explicitly on pasture productivity and excretion during grazing as C inputs to soil. Despite possible improvements achieved by introducing process-based models, the data required should not increase considerably, otherwise the advantage of this model (particularly its simplicity) could be quickly lost.
Regarding the variables estimated here, soil respiration, used to assess the closure of the balance, was particularly important as it was the main outflow from the soil C pool. Soil respiration was estimated using the average SOM concentration and respiration factor obtained from SBP modelling [7] . SOM accumulation is a fast process in SBP, and it is also probably linked to annual climate conditions. This suggests that follow-up work should take into account a temporal dimension in the analysis. Soil bulk density, which is necessary to convert SOM concentration (kg SOM/kg soil) into the amount of C stored in each unit area (t C/ha), was assumed to be similar in all systems and locations. Consequently, there was a significant error not just in the amount of C lost from respiration but also in the target or reference value that we assumed for balancing the model. This should be fixed in future versions of this model.
Another limitation was that we manually calibrated parameters such as C : N soil in order to ensure that the ratio between inorganic and organic N from animal sources was 60-40%. In the future this procedure can be automated using a machine learning (optimization process) where all the parameters vary independently within a plausible range. Different sets of parameters would lead to a different closure of the balances, and the optimum solution of the problem would be the set that leads to a higher balance closure upon multiple iterations in a Monte Carlo procedure. Nevertheless, the solutions of optimization processes are highly dependent on how many parameters are indeterminate. If too many parameters are left free to vary independently, the optimization process could lead to multiple optima [21] . This procedure would, however, enable an estimation of uncertainty and confidence intervals for all variables estimated-which, using the method in this paper, we were unable to do. Uncertainty is a key aspect to improve in future versions of this work. The source data in Table 1 and in S1 display considerable spatial and temporal variability. The reliance of literature data for the parameters also introduces additional uncertainty. Calculating uncertainty for these results would require more than simply assigning confidence intervals to each parameter, as their correlations require them to vary in tandem. Additionally, the mass balance approach mitigates some of the potential uncertainty in final results, as flows are interconnected even though the parameters may have been obtained from independent sources. Each sub-system must be balanced simultaneously, which reduces the potential variability. The Monte Carlo approach, taking into account the interdependency of the parameters and variables, is the most appropriate procedure to calculate uncertainties in future versions of the model.
Future Model Applications
The mass balance approach developed here was used to estimative GHG for two pasture systems where different management decisions were applied. However, this model was developed to be fully applicable to other farming systems where mass balances for carbon and nitrogen are important. BalSim may be used to estimate the GHG balance but also to estimate any C or N flow that is significant in a specific farming system as in the case of N leaching, which is difficult to estimate otherwise. This approach is therefore an intermediate response between broad estimates of C and N flows and very detailed calculations often dependent on too many and locally specific parameters. The model is, however, limited by the number of unknowns that can be estimated through the mass balance, since within each sub-system there is only the possibility to have one unknown, while the other flows must be estimated using measured data or resorting to the literature as we did in this work.
This modelling approach could also be applied for annual or permanent crops if the model was sufficiently adapted. Those applications could include the modelling of C and N flows in annual and permanent lands where different management practices are in use with potential to maximize the CO 2 sequestration or minimize nitrogen leaching. In that case, the animal sub-systems would no longer apply. Primary production would instead be exported from the farm as a product.
One of the main advantages of BalSim is the simplicity of the processes it depicts, which makes it a feasible option to calculate C and N balances at higher levels, e.g., at the regional level such as the European Union, or even at a global scale. The applications at those scales are difficult for process-based models due to their complexity of processes and the data requirements. For example, the Biome-BGC model [60] requires data such as transpiration of soil water through leaf stomata. Keeping the model simple and using a limited number of parameters and data required is one of the advantages of this model when compared with others.
We applied BalSim here using field data for yield, stocking rate and SOM accumulation in SBP and SNP. The model could potentially be generalized for wider regions using other data sets, namely for aboveground productivity (such as available net primary production data sets [61, 62] ) and stocking rates (such as the Livestock Geo-Wiki data set [63] ). Despite of the utility of these datasets, there could potentially be data consistency problems due to different assumptions and methodological choices in their construction. Specific systems such as SBP would be very difficult to assess using those data that fail to grasp the specificity of the system (such as higher productivity and stocking rates) and only catch general trends and "generic" systems (e.g., land use data [61] used in the net primary production data [61, 62] only considers one "grazing" class).
BalSim can also be expanded in cases where animals are housed for part of the year. In our case, we assumed full time grazing. If cattle had spent a fraction of the year indoors, the C and N excreted during housing would need to be subtracted from the C : N dung_field_decomposition terms, as they would be exported from the field and never reach the soil. Then, that amount of C and N would undergo more transformation, and a new pool (the "manure" pool) would have to be considered. That pool has its own emissions from storage and treatment of manures, but it could potentially also be recirculated into the field if the manure was then used as organic fertilizer in the same pasture plots (also with associated emissions).
Conclusions
There are several models available to calculate the environmental impacts from pasture systems. These models range from the very simple to the very complex-what is lacking is something in between. Very simple models are simple GHG assessments, or include only one sub-pool considered here. Very complex models require large amounts of data that are usually difficult and expensive to measure, and are not directly available for farmers. In this paper we developed a new intermediate model, BalSim, to estimate how C and N flows through SBP and SNP ecosystems using a mass balance approach. BalSim is comprehensive in nature, including all relevant pools and sub-systems in the pasture, but tries to rely as much as possible on secondary data to keep farm data needs to a minimum-a necessity in this study as we had a limited data set at our disposal. Reduced data availability, however, was not a limitation but rather the motivation for developing this work. In order for models to be useful for farmers, they must rely mostly on data that the farmers can understand and measure themselves.
The goal of this paper was to develop and test the model. This first version of BalSim has several shortcomings that should be addressed in the future. The main limitations in this work are related with (a) independence of sources for the quantification of variables, (b) uncertainty, and (c) simplicity of assumptions and in the temporal distribution of effects. We presented several suggestions for future developments that address these issues. Future developments should, however, preserve the main goal of BalSim of being usable while resorting only to field data that farmers can easily obtain or estimate, completed with secondary or indirect sources.
Despite those shortcomings, this analysis still provided a better understanding about the interplay between the key features or sub-systems involved in livestock production through grazing, namely the plant, the animal and the soil. It also enabled the calculation of GHG balances, and in particular non-CO 2 emissions to the atmosphere. Pasture management must increasingly take into account traditional performance variables such as the ratios between feed intake from grazing and concentrate/forage and the output in terms of animal products, and also new environmental variables such as C sequestration and GHG emissions. BalSim is a simpler model, with lower temporal resolution, but it is capable of providing insights about environmental and agronomic performance of SBP even under conditions of low data availability, as is the case in this paper.
We showed that the GHG balance in SBP is negative (sink) and positive in SNP (source), with -2644 and 792 kg CO 2 e/ha.yr. −20,946 (2002/03) . In 2002/03 the sink effect was the strongest, but this was not the year with the lowest non-CO 2 e emissions (16.7 kg CO 2 e/kg LW.yr, while the lowest was 15 kg CO 2 e/kg LW.yr in 2003/04). This was due to the fact that in 2002/03 the yield was the highest but the stocking rate was lower than it should have been. The fraction of litter was thus above average, which helped with the increases in SOM but also generated more N 2 O emissions (and may have undermined productivity in the following year). This annual analysis, as well as the scenario analysis, highlighted that adjusting the stocking rate to the yield is not only important economically for farmers, as it represents cost savings with feed, but also environmentally. If productivity drops (above and belowground) and the fraction of litter going into the soil is too small (e.g., because the stocking rate remains high), SOM will not increase (S3). If there is too much litter (through under-grazing), that litter accumulates and originates extra emissions, besides forcing farmers to resort to increased feed supplementation and reducing future pasture productivity (due to decreased seedling establishment in the following Autumn; note that the latter effect is not reflected in the model) (S2). Future farmer advisory systems should increasingly help farmers adjust stocking rates to yield, not just because this minimizes the need for supplemental feed but also because it seems to be the key to minimizing the impacts from meat production in these grazing systems.
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